Waste foundry sand (WFS) collected from lost foam casting (LFC) is adopted to prepare low cost mullite-zirconia composites with the addition of alumina by reaction sintering. The mixture samples of WFS and alumina as well as samples containing only WFS are sintered from 1200 to 1600°C. Thermal shock behaviors are evaluated by cool water quenching test with temperature differentials (¦T) between 2001000°C and 14 repeated cycles for ¦T = 1000°C. The degree of damage with thermal shock severity is measured through dynamic elastic modulus E using the impulse excitation method. The result shows that mullitezirconia composites can be successfully manufactured at 1500 and 1600°C, but the thermal shock (TS) resistance for composites sintered at 1600°C is not satisfied. The critical temperature gradient (¦T c ) is below 200°C, and after three TS cycles with ¦T = 1000°C, the E/E 0 reduced to a nearly constant.
Introduction
In the metal casting process, molding sands are recycled and reused many times. When the recycled sand degrades to a level that it is not suitable for further reuse, it is removed from the foundry as waste foundry sand (WFS). 1) ZrSiO 4 has been widely applied to moulds and cores in lost foam casting (LFC), owing to its excellent thermo-physical properties such as low thermal expansion, low thermal conductivity and good corrosion resistance. Nevertheless, zircon is a main component in the WFS even though the extraction process has been employed.
This industrial waste result in serious problems of storing and environmental pollution thus the dispose of the WFS needs more attention. In recent years, WFS has been used in many fields such as: component of flowable fills, 2) concrete manufacturing, 1),3), 4) red clay bricks, 5) but few works are done to put WFS into the field of ceramic. 6) Mullite ceramics have been extensively studied because of their excellent properties like high melting point (1830°C), moderate thermal expension coefficient (4.5 © 10 ¹6 K ¹1 ), good resistance to thermal shock and low thermal conductivity. 7) , 8) Furthermore, the addition of ZrO 2 in mullite can enhance mechanical properties. 9) Considering the chemical and phase compositions, WFS of LFC can be considered as a promising material in the preparation of mullite-zirconia composites which can relieve the environmental problems and reduce the production cost. In this work, WFS of LFC and alumina powders are taken as raw materials to manufacture mullite-zirconia composites by reaction sintering process.
Experimental procedure
WFS (Guangdong, China) and alumina powders (99.47% purity, Kaifeng Special Refractories Co., Ltd., China) were used as starting materials, and the chemical compositions (Table 1) of the WFS were determined by induced coupled plasma emission spectroscopy (ICP). Average particle sizes (d 50 ) of WFS and alumina powders were 34.69 and 2.34¯m respectively.
Mixtures of WFS and alumina were weighed according to the stoichiometry of reactants in Eq. (1).
The weighed powders were dispersed in alcohol and homogenized by planetary ball mill for 4 h with ZrO 2 milling balls.
After the homogenizing process, the mixture were dried at 80°C to a constant weight and then crushed in case of agglomeration followed by the commixture with 10 wt % PVA solution (5 wt % concentration). Rectangular bars (25 mm © 25 mm © 140 mm) were prepared by die-pressing technique at 80 MPa.
The green compacts were treated in an electric furnace at different temperatures for 3 h. A holding time was carried out at 450°C for 30 min to eliminate the added organic additives. Furthermore, the samples contained only WFS were also prepared under the same condition.
Particle size was measured by Laser Particle Size Analyzer (Mastersizer2000, Malvern Instru ments Ltd., UK). Phase compositions and microstructures were characterized by X-ray diffraction with Cu-K¡ radiation (XRD, X'Pert Pro, Philips, Netherlands) and field emission scanning electron microscopy (FESEM, Quanta 400, FEI Company, USA) equipped with energy dispersive X-ray spectroscope (EDS, INCA IE 350 PentaFET X-3, Oxford, UK). Bulk density was measured by Archimedes method using distilled water as liquid media. Closed porosity was calculated through true density (GP, Model AccuPyc1330, Micromeritics, USA), as described in Eq. (2)
Where P c is the closed porosity (%), µ b is the bulk density (g/cm 3 ), µ t is the true density (g/cm 3 ) and P p is the open porosity (%).
As the green samples are expected to shrink or swell when exposed heat treatment, diameters were measured before and after sintering to characterize the linear change rate dimensionally using the following equation.
Where d b refers to a average value for a green sample through three diameters measured at the top, middle and bottom, d a is obtained in the same way for the same sample after sintering.
Thermal shock (TS) resistance experiments were performed using water quenching method with quenching temperature differentials (¦T) of 200, 400, 600, 800, 1000 and 1200°C. The sintered samples were heated at a selected temperature in an electrical furnace in air atmosphere for 30 min followed by the sudden immersion in water at 25°C. After quenching, the samples were dried at 100°C, then the TS effect on modulus of elasticity E as well as its variation with the number of applied thermal cycles was determined by the impulse excitation measurements (RFDA professional, IMCE, Belgium) at room temperature.
Results and discussion
Figure 1(A) shows that, between 1200 and 1400°C, the bulk density decreases and the samples swell slightly. When the temperature rises, obvious increase in bulk density is accompanied by the sharp shrinkage from 1400 to 1600°C. The change of linear resulting from densification of sintering counteracts the expansion in the formation of mullite.
Total porosity and open porosity [as shown in Fig. 1(B) ] of the mixture samples increase up to 1400°C but decrease sharply at higher temperatures. Mullitization at the expense of silica and alumina leads to the increase in open porosity 10) and reduces the closed porosity. When the samples sintered at 1500 and 1600°C, more liquid phase forms, which promote the formation of unconnected pores. The open porosity is only 0.32% for the samples sintered at 1600°C, and the closed porosity (3.83%) is very close to the total porosity (4.16%). It demonstrates that there are only unconnected pores in the sintered samples.
As shown in Fig. 2 (25°C) , WFS is mainly composed of mullite, zircon and cristobalite low, and a small amount of quartz. At 1400°C, quartz disappears because of the transformation from quartz to cristobalite Movever, as crystals precipitate from the silica-rich glassy liquid phase 10),11) at high temperature, the peak intensities of cristobalite and mullite become more intense. For the samples sintered at 1500°C, cristobalite is not detected since it converts to amorphous silicate glassy phase. When sintered at 1600°C for 3 h, the appearance of ZrO 2 indicating the decomposition of ZrSiO 4 , in addition, XRD pattern of the WFS samples sintered at 1600°C for 6 h is almost the same as that for 3 h, thus the appearance of ZrSiO 4 can be rationalized by the retrograde reaction (ZrO 2 reacts with SiO 2 to form ZrSiO 4 during the cooling process) 12) rather than the insufficient of reaction time. The XRD patterns of the mixture samples sintered at elevated temperature for 3 h are shown in Fig. 3 . From 1200 to 1400°C, the peak intensity of mullite increases, whereas that of corundum and cristobalite decrease due to the mullitizaton. When the sintering temperature increases to 1500°C, the main crystalline phases are mullite and baddeleyite, the amorphous SiO 2 13) from the decomposition of ZrSiO 4 reacts sufficiently with Al 2 O 3 to produce mullite by a nucleation and growth mechanism, thus the retrograde reaction does not happen. The peak intensity of mullite is more intense at 1600°C because of the precipitate of the crystals from the glassy liquid phase at higher temperature. Thermochemical calculations are also made using FactSage software to predict the phase evolution of the mixture of 100 g WFS and different amount of alumina sintered at 1500°C under 1 atm, and Alpha is set as the mass content of Al 2 O 3 (as shown in Fig. 4) . As Alpha increases, the amount of Al 6 Since the the impurity, especially the alkali and alkaline-earth metal oxides, has the ability to bring down the temperature of the liquid phase formation in the Al 2 O 3 SiO 2 system, 14) FactSage software is used to calculate the mass fraction of the liquid phase in the mixture samples at different temperatures under 1atm. As shown in Fig. 5 , the liquid phase presents firstly at 1300°C and the mass fraction increases along with the increasing temperatures. Figure 6 displays the microstructures of the mixture samples sintered at different temperatures. Porous structures are observed at 1400°C, and for the specimens at 1500°C, further densification takes place [as shown in Fig. 6(B) ] since more liquid phase generates. The samples sintered at 1600°C have the densest structure with the lowest total porosity. ZrO 2 grains with different sizes embedded in mullite grains, the nearly spherical holes are intruded by mullite grains which suggests the crystallization may have occurred before the completion of densification [as shown in Fig. 6(C) ].
The effect of ¦T on the evolution of E/E 0 of the samples sintered at 1600°C (where E and E 0 are the measured elastic Xiang et al.: Preparation of mullite-zirconia composites from waste foundry sand and alumina modulus before and after quenching, respectively) after one quenching cycle is plotted in Fig. 7(A) . The E/E 0 ratio reduced as the ¦T ranges from 200 to 800°C and the value of E/E 0 becomes a constant after the thermal shock with ¦T = 800°C. The reduction in E/E 0 ratio indicating the appearance of new microcracks or propagation of existing ones 15) thus the critical temperature gradient (¦T c ) required for the initiation of crack formation is below 200°C. Samples suffered from the quenching below ¦T c will not appear damage because the elastic energies are less than the fracture energies needed for the crack propagation.
The fracture surface of the samples without thermal shock in Fig. 8(A) shows that there is a significant amount of intergranular cracking in the mullite matrix, where a weak bonding is detected between the interface of mullite grains. However, a marked transgranular fracture occurs through the ZrO 2 grains, indicating a strong bonding between the interface of ZrO 2 and mullite grains. In Fig. 8(B) , polished surface of the sample to which ¦T = 200°C is applied, microcracks can be seen in the mullite matrix rather than at the ZrO 2 grain boundary because of the weak bonding stated before. When the TS with ¦T = 1200°C is employed, most of the samples are destroyed and failed to meet the test standards. Figure 7 (B). shows the effect of the number of TS cycles on the E/E 0 ratio of ¦T = 1000°C. The E/E 0 ratio decreased rapidly in the first three cycles indicating the microstructure degradation. After that, the value of E/E 0 remained nearly constant with the successive TSs which showing that there was no further damage. This is a typical behavior reported in previous literature 16) , 17) and rationalized by the insufficient energy from the thermal shock for development of the cracks. Furthermore, the fracture surface of the samples after five cycles with ¦T = 1000°C is exhibited in Fig. 8(C) , the fracture path is similar to that without thermal shock, intergranular cracking in the mullite matrix and transgranular fracture through the ZrO 2 grains, indicating the weak bonding between the interface of mullite grains. TS resistance can be proved by the increase of the amount of microcracks, propagation of cracks does not take place when the energy for each crack is not enough to create a new surface. 17) But in this work, microcracks at the ZrO 2 grain boundary resulting from the mismatch of thermal expansion coefficient and the martensitic transformation during the cooling process and thermal shock are hardly detected, hence the obvious drop in E/E 0 for the TS with ¦T = 1000°C in the previous work 16) does not appear in Fig. 7(A) . As the result, the cracks propagate sharply, and the samples is damaged and not fit for the testing after the fifth thermal cycle.
Conclusions
Mullite-zirconia composites can be prepared by reaction sintering WFS and alumina at 1500 and 1600°C. At 1500°C, the reaction between ZrSiO 4 and Al 2 O 3 takes place when SiO 2 is consumed completely. Samples sintered at 1600°C for 3 h exhibit the bulk density, open porosity and closed porosity of 3.09 g/cm 3 , 0.32 and 3.83%, respectively. Thermal shock behaviors are evaluated for the samples sintered at 1600°C by water qunching with impulse excitation measurements. The ¦T c in this work is below 200°C, and after three thermal shock cycles with ¦T = 1000°C, the E/E 0 reduced to a nearly constant. Take the fracture surface into consideration, weak bonding between the interface of mullite grains is observed and microcracks at the ZrO 2 grain boundry are hardly detected, which result in unsatisfactory TS resistance.
